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(57) ABSTRACT

The present invention relates to systems and methods for
producing fuels. In an embodiment, the invention includes a
method ot producing a diesel-equivalent fuel, including pyro-
lyzing biomass to form a pyrolysis oil and contacting the
pyrolysis oil and an alcohol with a metal oxide catalyst at a
temperature of greater than about 60 degrees Celsius. In an
embodiment, the invention includes a method of refining
pyrolysis oil including contacting pyrolysis oil and an alcohol
with a metal oxide catalyst at a temperature of greater than
about 60 degrees Celsius. In an embodiment, the invention
includes a system for processing biomass into fuel including
a pyrolysis chamber defining an interior volume; a first heat-
ing element configured to heat the pyrolysis chamber; a refin-
ing chamber in selective fluid communication with the
pyrolysis chamber, the refining chamber defining an interior
volume, a metal oxide catalyst disposed within the interior
volume; and a second heating element configured to heat the
refining chamber. Other embodiments are also described
herein.

16 Claims, 7 Drawing Sheets
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SYSTEMS AND METHODS FOR PRODUCING
FUELS FROM BIOMASS

This application claims the benefit of U.S. Provisional
Application No. 61/113,854, filed Nov. 12,2008, the contents
of which are herein incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to systems and methods for
producing fuels from biomass.

BACKGROUND OF THE INVENTION

Pyrolysis is the chemical decomposition of organic mate-
rials by heating in the absence of oxygen or other reagents
(other than water vapor in some cases). Pyrolysis can be used
to convert complex materials such as biomass or waste into
substances that are either desirable or less harmful. For
example, pyrolysis can be used to convert biomass (such as
lignocellulosic biomass) into pyrolysis oil (sometimes
referred to as “bio-0il”).

Pyrolysis oil is generally a mixture of water, light volatiles,
and non-volatiles. Pyrolysis oil is highly reactive because of
the presence of significant quantities of oxygen. As a com-
bustible material, pyrolysis oil has many potential uses.

However, pyrolysis oil cannot be used as a fuel in internal
combustion engines without further processing. Amongst
other problems, pyrolysis oil is generally immiscible with
petroleum-based diesel fuel. Also, the pyrolysis oil is highly
acidic, with a pH of 1.5-3.8. This acidity, and along with the
substantial water content, can lead to corrosion problems. In
addition, the cetane number of pyrolysis oil is typically far too
low.

Current approaches for utilizing pyrolysis oil in diesel
engines include the formation of pyrolysis oil/diesel emul-
sions. However, such emulsions can be relatively expensive to
make and may not have desirable levels of shelf-stability.

SUMMARY OF THE INVENTION

The present invention relates to systems and methods for
producing fuels from biomass. In an embodiment, the inven-
tion includes a method of producing a diesel-equivalent fuel,
including pyrolyzing biomass to form a pyrolysis oil and
contacting the pyrolysis oil and an alcohol with a metal oxide
catalyst at a temperature of greater than about 60 degrees
Celsius.

In an embodiment, the invention includes a method of
refining pyrolysis oil including contacting pyrolysis oil and
an alcohol with a metal oxide catalyst at a temperature of
greater than about 60 degrees Celsius.

In an embodiment, the invention includes a system for
processing biomass into fuel including a pyrolysis chamber
defining an interior volume; a first heating element config-
ured to heat the pyrolysis chamber; a refining chamber in
selective fluid communication with the pyrolysis chamber,
the refining chamber defining an interior volume, a metal
oxide catalyst disposed within the interior volume; and a
second heating element configured to heat the refining cham-
ber.

The above summary of the present invention is not
intended to describe each discussed embodiment of the
present invention. This is the purpose of the figures and the
detailed description that follows.

BRIEF DESCRIPTION OF THE FIGURES

The invention may be more completely understood in con-
nection with the following drawings, in which:

10

40

45

55

65

2

FIG. 1A is a schematic view of a reaction system in accor-
dance with an embodiment.

FIG. 1B is a schematic view of a reaction system in accor-
dance with another embodiment.

FIG. 2 shows a 'H NMR spectrum of a sample made as
described in example 3.

FIG. 3 shows a "H NMR spectrum of another sample made
as described in example 3.

FIG. 4 shows a GC-MS spectrum of a sample made as
described in example 3.

FIG. 5 shows a GC-MS spectrum of a sample made as
described in example 3.

FIG. 6A is a graph showing the results of GC-MS analysis
of'a bio-oil control sample.

FIG. 6B is a graph showing the results of GC-MS analysis
of'a product sample produced as described in example 3.

FIG. 6C is a graph showing the results of GC-MS analysis
of'a product sample produced as described in example 3.

While the invention is susceptible to various modifications
and alternative forms, specifics thereof have been shown by
way of example and drawings, and will be described in detail.
It should be understood, however, that the invention is not
limited to the particular embodiments described. On the con-
trary, the intention is to cover modifications, equivalents, and
alternatives falling within the spirit and scope of the inven-
tion.

DETAILED DESCRIPTION OF THE INVENTION

As described above, pyrolysis oil can be formed from
biomass. However, the resulting pyrolysis oil cannot be used
as fuel with diesel engines. It suffers from various defects
including immiscibility with petroleum-based diesel fuel,
highly acidity (e.g., low pH), substantial water content, a
cetane number that is typically far too low, and the presence of
various particulate products (including char).

However, as disclosed herein, it has been discovered that
certain metal oxide catalysts can be used in order to process
pyrolysis oil into a form suitable for use as fuel in a diesel
engine. In an embodiment, the invention includes a method of
producing a diesel-equivalent fuel, including pyrolyzing bio-
mass to form a pyrolysis oil and contacting the pyrolysis oil
and an alcohol with a metal oxide catalyst at a temperature of
greater than about 100 degrees Celsius.

The term “diesel equivalent fuel” as used herein shall spe-
cifically include liquid compositions that can be used as fuel
in diesel-type internal combustion engines that are derived
from sources other than petroleum. Such liquid compositions
can be used in diesel-type engines either in a pure form or as
part of mixture. Various aspects of exemplary embodiments
will now be described in greater detail.

Metal Oxide Catalysts

Metal oxide catalysts used with embodiments of the inven-
tion can include metal oxides with surfaces including Lewis
acid sites, Lewis base sites, Bronsted base sites, and Bronsted
acid sites. By definition, a Lewis acid is an electron pair
acceptor and a Lewis base in an electron pair donor. A Bron-
sted base is a proton acceptor and a Bronsted acid is a proton
donor. Metal oxide catalysts of the invention can specifically
include zirconia, alumina, titania and hafnia. Metal oxide
catalysts of the invention can also include silica clad with a
metal oxide selected from the group consisting of zirconia,
alumina, titania, hafnia, zinc oxide, copper oxide, magnesium
oxide and iron oxide. In some embodiments, the metal oxides
are used in a substantially pure form, unmixed with other
metal oxides. However, metal oxide catalysts of the invention
can also include mixtures of metal oxides, such as mixtures of
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metal oxides including zirconia, alumina, titania and/or
hafnia. Of the various metal oxides that can be used with
embodiments of the invention, zirconia, titania and hafnia can
be advantageous as they are very chemically and thermally
stable and can withstand very high temperatures and pres-
sures as well as extremes in pH.

Metal oxides of the invention can include metal oxide
particles clad with carbon. Carbon clad metal oxide particles
can be made using various techniques such as the procedures
described in U.S. Pat. Nos. 5,108,597, 5,254,262; 5,346,619,
5,271,833; and 5,182,016, the contents of which are herein
incorporated by reference. Carbon cladding on metal oxide
particles can render the surface of the particles more hydro-
phobic.

Metal oxides of the invention can also include polymer
coated metal oxides. By way of example, metal oxides of the
invention can include a metal oxide coated with polybutadi-
ene (PBD). Polymer coated metal oxide particles can be made
using various techniques such as the procedure described in
Example 1 of U.S. Pub. Pat. App. No. 2005/0118409, the
contents of which are herein incorporated by reference. Poly-
mer coatings on metal oxide particles can render the surface
of the particles more hydrophobic.

Metal oxide catalysts of the invention can be made in
various ways. As one example, a colloidal dispersion of zir-
conium dioxide can be spray dried to produce aggregated
zirconium dioxide particles. Colloidal dispersions of zirco-
nium dioxide are commercially available from Nyacol Nano
Technologies, Inc., Ashland, Mass. The average diameter of
particles produced using a spray drying technique can be
varied by changing the spray drying conditions. Examples of
spray drying techniques are described in U.S. Pat. No. 4,138,
336 and U.S. Pat. No. 5,108,597, the contents of both of
which are herein incorporated by reference. It will be appre-
ciated that other methods can also be used to create metal
oxide particles. One example is an oil emulsion technique as
described in Robichaud et al., Technical Note, “An Improved
Oil Emulsion Synthesis Method for Large, Porous Zirconia
Particles for Packed- or Fluidized-Bed Protein Chromatogra-
phy,” Sep. Sci. Technol. 32, 2547-59 (1997). A second
example is the formation of metal oxide particles by polymer
induced colloidal aggregation as described in M. J. Annen, R.
Kizhappali, P. W. Carr, and A. McCormick, “Development of
Porous Zirconia Spheres by Polymerization-Induced Colloid
Aggregation-Effect of Polymerization Rate,” J. Mater. Sci.
29,6123-30(1994). A polymer induced colloidal aggregation
technique is also described in U.S. Pat. No. 5,540,834, the
contents of which are herein incorporated by reference.

Metal oxide catalysts used in embodiments of the invention
can be sintered by heating them in a furnace or other heating
device at a relatively high temperature. In some embodi-
ments, the metal oxide is sintered at a temperature of about
160° C. or greater. In some embodiments, the metal oxide is
sintered at a temperature of about 400° C. or greater. In some
embodiments, the metal oxide is sintered at a temperature of
about 600° C. or greater. Sintering can be done for various
amounts of time depending on the desired effect. Sintering
can make metal oxide catalysts more durable. In some
embodiments, the metal oxide is sintered for more than about
30 minutes. In some embodiments, the metal oxide is sintered
for more than about 3 hours. However, sintering also reduces
the surface area. In some embodiments, the metal oxide is
sintered for less than about 1 week.

In some embodiments, the metal oxide catalyst is in the
form of particles. Particles within a desired size range can be
specifically selected for use as a catalyst. For example, par-
ticles can be sorted by size using techniques such as air
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classification, elutriation, settling fractionation, or mechani-
cal screening. In some embodiments, the size of the particles
is greater than about 0.2 um. In some embodiments, the size
range selected is from about 0.2 pm to about 1 mm. In some
embodiments, the size range selected is from about 1 um to
about 100 pm. In some embodiments, the size range selected
is from about 5 pm to about 15 um. In some embodiments, the
average size selected is about 10 um. In some embodiments,
the average size selected is about 5 pm.

In some embodiments, metal oxide particles used with
embodiments of the invention are porous. By way of example,
in some embodiments the metal oxide particles can have an
average pore size of about 30 angstroms to about 2000 ang-
stroms. However, in other embodiments, metal oxide par-
ticles used are non-porous.

The physical properties of a porous metal oxide can be
quantitatively described in various ways such as by surface
area, pore volume, porosity, and pore diameter. In some
embodiments, metal oxide catalysts of the invention can have
a surface area of between about 1 and about 200 m*/gram.
Pore volume refers to the proportion of the total volume taken
up by pores in a material per weight amount of the material. In
some embodiments, metal oxide catalysts of the invention can
have a pore volume of between about 0.01 cm>/g and about 2
cm?/g. Porosity refers to the proportion within a total volume
that is taken up by pores. As such, if the total volume of a
particle is 1 cm® and it has a porosity of 0.5, then the volume
taken up by pores within the total volume is 0.5 cm’. In some
embodiments, metal oxide catalysts of the invention can have
aporosity of between about 0 and about 0.8. In some embodi-
ments, metal oxide catalysts of the invention can have a
porosity of between about 0.3 and 0.6.

Metal oxide particles used with embodiments of the inven-
tion can have various shapes. By way of example, in some
embodiments the metal oxide can be in the form of spherules.
In other embodiments, the metal oxide can be a monolith. In
some embodiments, the metal oxide can have an irregular
shape.

The Lewis acid sites on metal oxides of the invention can
interact with Lewis basic compounds. Thus, Lewis basic
compounds can be bonded to the surface of metal oxides of
the invention. Lewis basic compounds of the invention can
include anions formed from the dissociation of acids such as
hydrobromic acid, hydrochloric acid, hydroiodic acid, nitric
acid, sulfuric acid, perchloric acid, boric acid, chloric acid,
phosphoric acid, pyrophosphoric acid, chromic acid, perman-
ganic acid, phytic acid and ethylenediamine tetramethyl
phosphonic acid (EDTPA), and the like. Lewis basic com-
pounds of the invention can also include hydroxide ion as
formed from the dissociation of bases such as sodium hydrox-
ide, potassium hydroxide, lithium hydroxide and the like.

The anion of an acid can be bonded to a metal oxide of the
invention by refluxing the metal oxide in an acid solution. By
way of example, metal oxide particles can be refluxed in a
solution of sulfuric acid. Alternatively, the anion formed from
dissociation of a base, such as the hydroxide ion formed from
dissociation of sodium hydroxide, can be bonded to a metal
oxide by refluxing in a base solution. By way of example,
metal oxide particles can be refluxed in a solution of sodium
hydroxide. The base or acid modification can be achieved
under exposure to the acid or base in either batch or continu-
ous flow conditions when disposed in a reactor housing at
elevated temperature and pressure to speed up the adsorption/
chemical reaction process. In some embodiments, fluoride
ion, such as formed by the dissociation of sodium fluoride,
can be bonded to the particles.
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In some embodiments, metal oxide particles can be packed
into a housing, such as a column. Disposing metal oxide
particles in a housing is one approach to facilitating continu-
ous flow processes. Many different techniques may be used
for packing the metal oxide particles into a housing. The
specific technique used may depend on factors such as the
average particle size, the type of housing used, etc. Generally
speaking, particles with an average size of about 1-20 microns
can be packed under pressure and particles with an average
size larger than 20 microns can be packed by dry-packing/
tapping methods or by low pressure slurry packing. In some
embodiments, the metal oxide particles of the invention can
be impregnated into a membrane, such as a PTFE membrane.

However, in some embodiments, metal oxide catalysts
used with embodiments of the invention are not in particulate
form. For example, a layer of a metal oxide can be disposed on
a substrate in order to form a catalyst used with embodiments
of the invention. The substrate can be a surface that is con-
figured to contact the feedstock during processing. In one
approach, a metal oxide catalyst can be disposed as a layer
over a surface of a reactor that contacts the feedstock. Alter-
natively, the metal oxide catalyst can be embedded as a par-
ticulate in the surface of an element that is configured to
contact the feedstock during processing.

Reaction Conditions

In some embodiments, the reaction temperature is about
100° Celsius or hotter. In some embodiments, the reaction
temperature is about 150° Celsius or hotter. In some embodi-
ments, the reaction temperature is about 200° Celsius or
higher. In some embodiments, the reaction temperature is
about 300° Celsius or higher. In some embodiments, the
reaction temperature is about 350° Celsius or higher. In some
embodiments, the reaction temperature is above the critical
temperature (e.g. supercritical) for at least some of the reac-
tants. For example, the reaction temperature can be above the
critical temperature for the alcohol and/or the pyrolysis oil.

The reaction mixture may be passed over the metal oxide
catalyst for a length of time sufficient for the reaction to reach
a desired level of completion. This will, in turn, depend on
various factors including the temperature of the reaction, the
chemical nature of the catalyst, the surface area of the cata-
lyst, the contact time with the catalyst and the like. In an
embodiment, the contact time is between about 0.1 seconds
and 2 hours. In an embodiment, the contact time is between
about 1 second and 20 minutes. In an embodiment, the contact
time is between about 2 seconds and 1 minute.

In some embodiments, the reaction mixture is kept under
pressure during the reaction in order to prevent components
of' the reaction mixture from vaporizing. The reactor housing
can be configured to withstand the pressure under which the
reaction mixture is kept. In addition, a backpressure regulator
can be used to maintain a desired pressure. A desirable pres-
sure for the reactor can be estimated with the aid of the
Clausius-Clapeyron equation. Specifically, the Clausius-Cla-
peyron equation can be used to estimate the vapor pressures
of a liquid. The Clausius-Clapeyron equation is as follows:

P AH,( 1 1
ln(P_i) =R p(T_z - E]

wherein AH,,,=is the enthalpy of vaporization; P, is the
vapor pressure of a liquid at temperature T,; P, is the vapor
pressure of a liquid at temperature T,, and R is the ideal gas

constant.
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In an embodiment, the pressure inside the housing is
greater than the vapor pressures of any of the components of
the reaction mixture. In an embodiment, the pressure is
greater than about 500 psi. In an embodiment, the pressure is
greater than about 800 psi. In an embodiment, the pressure is
greater than about 1000 psi. In an embodiment, the pressure is
greater than about 1500 psi. In an embodiment, the pressure is
greater than about 2000 psi. In an embodiment, the pressure is
greater than about 3000 psi. In an embodiment, the pressure is
greater than about 3000 psi. In an embodiment, the pressure is
greater than about 4000 psi. In an embodiment, the pressure is
greater than about 5000 psi. In some embodiments, the pres-
sure is above the critical pressure (e.g. supercritical) for at
least some of the reactants. For example, the pressure can be
above the critical pressure for the alcohol and/or the pyrolysis
oil.

Alcohols

Exemplary alcohols used with embodiments herein can
include aliphatic, aromatic, and alicyclic alcohols. In some
embodiments, alcohols can include C1-C30 alcohols (alco-
hols with one to thirty carbon atoms). In some embodiments,
alcohols can include C1-C6 alkyl alcohols. Alcohols used
herein can be mono-functional or multi-functional (e.g., one
alcohol moiety or multiple alcohol moieties). Exemplary
alcohols can specifically include methanol, ethanol, pro-
panol, isopropyl alcohol, butanol, ethylene glycol, benzyl
alcohol and the like.

Alcohol feedstocks used with embodiments herein can
include those formed through fermentation processes. By
way of example, biomass can be fermented by microorgan-
isms in order to produced alcohol feedstocks. Virtually any
living organism is a potential source of biomass for use in
fermentation processes. As such, alcohol feedstocks can be
derived from industrial processing wastes, food processing
wastes, mill wastes, municipal/urban wastes, forestry prod-
ucts and forestry wastes, agricultural products and agricul-
tural wastes, amongst other sources. In some embodiments,
alcohol feedstocks as used herein can be formed from bio-
logical wastes using processes such as those described in U.S.
Pat. No. 7,309,592, the content of which is herein incorpo-
rated by reference in its entirety.

Pyrolysis of Biomass

It will be appreciated that there are various approaches for
the pyrolysis of biomass. Pyrolysis is the chemical decompo-
sition of organic materials by heating in the absence of oxy-
gen or other reagents (other than water vapor in some cases).
U.S. Pat. No. 4,891,459, the contents of which are herein
incorporated by reference in their entirety, describes one
basic exemplary approach for the pyrolysis of biomass. In
general, biomass is disposed in a pyrolysis chamber, and then
heat is provided by a heating element. The pyrolysis chamber
is generally free of any oxygen gas. In some cases, the pyroly-
sis chamber is held under vacuum. In some embodiments, the
pyrolysis chamber can be in selective fluid communication
with a refining system, as described in greater detail below.

Another approach that can be used can be referred to as
hydrothermal pyrolysis. In hydrothermal pyrolysis, biomass
is converted into mixed gases (gas phase), char (solid phase),
and bio-oil (liquid phase) after exposure to very high tem-
peratures in the presence of water vapor, but in the absence of
oxygen. As an example, in this approach, temperatures of
roughly 300 degrees Celsius or higher can be used. In many
cases, the biomass is processed into a particulate, such as
through a grinding operation. In some cases, an acid or a base,
such as potassium hydroxide is used as a reactant in this
process. Advantages of this approach can include the ability
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to use non-dry biomass feedstock, relatively fast reaction
rates, and no need for additional solvents.

Another approach to the pyrolysis of biomass is known as
microwave assisted pyrolysis (MAP). MAP includes the
input of microwave energy from a microwave radiation
source to heat the biomass in a closed system lacking oxygen.
Volatiles can then be collected using a condenser. Tempera-
tures used in this process can be from about 200 degrees
Celsius to over 1000 degrees Celsius. Advantages of this
approach can include that the sample can be processed with-
out grinding the sample. The use of microwave energy allows
heating to be relatively fast and uniform, while maintaining a
high degree of temperature control.

In various processes included herein, the bio-oil or pyroly-
sis oil produced by pyrolysis of biomass can be processed in
various ways after the pyrolysis process. By way of example,
in some embodiments, pyrolysis can be followed by centrifu-
gation to remove water and particulates before further chemi-
cal refining.

Refining Systems

It will be appreciated that many different reactor designs
are possible in order to perform methods and processes as
described herein. FIG. 1A is a schematic diagram of a refining
system in accordance with one embodiment of the invention.
In this embodiment, a bio-oil feedstock is held in a bio-oil
feedstock tank 102. In some embodiments, the bio-oil may be
processed in order to remove particulates and water before
being deposited in the bio-oil feedstock tank 102. In this
embodiment, an alcohol feedstock is held in an alcohol feed-
stock tank 110. In some embodiments, one or both of the
bio-oil feedstock tank 102 and alcohol feedstock tank 110 can
be heated.

The bio-oil feedstock passes through a first pump 104, first
filter 106, second pump 108, and second filter 113, before
passing through a heat exchanger 114 where the bio-oil feed-
stock can absorb heat from downstream products. Similarly,
the alcohol feedstock then passes through a pump 112 before
passing through the heat exchanger 114. An exemplary heat
exchangeris described in U.S. Pat. No. 6,666,074, the content
of which is herein incorporated by reference.

The feedstock streams can then pass through a preheater
116. The preheater 116 can elevate the temperature of the
reaction mixture to a desired level. Many different types of
heaters are known in the art and can be used.

The reaction mixture can then pass through a reactor 118
where the co-reactant feedstock and the bio-oil feedstock are
converted into a reaction product mixture. The reactor 118
can include a metal oxide catalyst, such as in the various
forms described herein. In some embodiments the reactor
housing is a ceramic that can withstand elevated temperatures
and pressures. In some embodiments, the reactor housing is a
metal or an alloy of metals.

The reaction product mixture can then pass through the
heat exchanger 114 in order to transfer heat from the effluent
reaction product stream to the bio-o0il and alcohol feedstock
streams. The reaction product mixture can also pass through
abackpressure regulator 119 before passing on to a separation
weir 120. Diesel-equivalent fuel can then pass onto a fuel
storage reservoir 122. Other materials, including residual
alcohol, can pass on to a still 124 for further separation. Water
can pass on to a water storage reservoir 126 while other
byproducts can pass to a by-product reservoir 128. The now-
purified residual alcohol can pass through a pump 130 and
then back to the alcohol feedstock tank 110. In some embodi-
ments, the diesel-equivalent fuel can be further processed. By
way of example, in some embodiments, after leaving the
separation weir the diesel-equivalent fuel can be processed in
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8

order to remove free fatty acids that may be present in the fuel.
An exemplary system for removing free fatty acids from a
fuel composition is described in US Publ. App. No. 2008/
0197052, the content of which is herein incorporated by
reference.

It will be appreciated that in some embodiments, certain of
the components of the system described with reference to
FIG. 1 may be omitted. In still other embodiments, certain
additional components may be added. As such, the system of
FIG. 1 is provided just as an example and it not intended to be
limiting.

In some embodiments, the reaction mixture reaches the
desired level of completion after one pass over the metal
oxide catalyst bed or packing. However, in some embodi-
ments, the effluent flow may be rerouted over the same metal
oxide catalyst or routed over another metal oxide catalyst bed
or packing so that reaction is pushed farther toward comple-
tion in stages.

In some embodiments two or more metal oxide catalyst
beds. In some embodiments, an acid-modified metal oxide
catalyst (such as sulfuric or phosphoric acid modified) and a
base-modified metal oxide catalyst (such as sodium hydrox-
ide modified) can be separately formed but then disposed
together within a single reactor housing. In such an approach,
the reaction mixture passing through the reactor housing can
be simultaneously exposed to both the acid and base modified
metal oxide catalysts.

In some embodiments, two different metal oxides (such
zirconia and titania) can be separately formed but then dis-
posed together within a single reactor housing. In such an
approach, the reaction mixture passing through the reactor
housing can be simultaneously exposed to both metal oxide
catalysts.

In some embodiments, one or more metal oxides (such
zirconia and titania) can be coated on an inert porous support
(such as silica gel or zeolite) separately formed but then
disposed together within a single reactor housing. In such an
approach, the reaction mixture passing through the reactor
housing can be simultaneously exposed to the metal oxide
catalyst(s).

FIG. 1B is a schematic diagram of a refining system in
accordance with another embodiment of the invention. In this
embodiment, a bio-oil feedstock may be obtained from a
supply source 202 (or produced in accordance with
approaches described above). Depending on the starting con-
dition, the bio-oil feedstock can be passed through a centri-
fuge 204 in order to remove water and particulates that may be
in the bio-oil, such as char. Then, the bio-oil feedstock can
pass through a filter 206 and can then be held in a bio-oil
feedstock tank 208. The bio-oil feedstock can then pass
through a pump 210, through a filter 212, a high pressure
pump 214, and through another filter 216 before entering a
heat exchanger 224.

In this embodiment, an alcohol feedstock can be obtained
from a supply source 218 and held in an alcohol feedstock
tank 220. The alcohol feedstock can pass through a high
pressure pump 222 before entering a heat exchanger 224.

In the heat exchanger 224, both the bio-oil feedstock and
the alcohol feedstock can absorb heat from downstream prod-
ucts. The feedstock streams can be joined at a “T” junction
and pass through a preheater 226 before entering a reactor 228
where the alcohol feedstock and the bio-oil feedstock are
converted into a reaction product mixture. The reactor 228
can include a metal oxide catalyst, such as in the various
forms described herein. In some embodiments the reactor
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housing is a ceramic that can withstand elevated temperatures
and pressures. In some embodiments, the reactor housing is a
metal or an alloy of metals.

The reaction product mixture can then pass through the
heat exchanger 224 in order to transfer heat from the effluent
reaction product stream to the bio-o0il and alcohol feedstock
streams. The reaction product mixture can then pass through
a back pressure regulator 230. Next, the reaction product
mixture can pass on to a system 232 for removing free fatty
acids that may be present. An exemplary system for removing
free fatty acids from a fuel composition is described in US
Publ. App. No. 2008/0197052, the content of which is herein
incorporated by reference. Alternatively, in some embodi-
ments, the reaction mixture can pass through a flash evapo-
rator for an initial separation of fuel from alcohol/water
before the fuel fraction moves on to the system 232 for remov-
ing free fatty acids. Gases can pass to another component 236
for thermal oxidation or collection. The captured free fatty
acids can be returned to the front-side of the reactor system,
such as being deposited in the bio-oil feedstock tank 208.

The fuel mixture can pass on to a separation weir 234 and
then the top layer can pass on to a still 238. The fuel fraction
can then be collected in a tank 240, while the fraction includ-
ing recovered alcohol can pass through a pump 242 before
being collected in the alcohol feedstock tank 220. In some
embodiments, the fuel fraction may continue on for further
processing/refining. By way of example, the fuel fraction
could pass through a distillation column to further separate
out a desirable portion of the fuel fraction.

The present invention may be better understood with ref-
erence to the following examples. These examples are
intended to be representative of specific embodiments of the
invention, and are not intended as limiting the scope of the
invention.

EXAMPLES
Example 1
Formation of Reactor Columns

Titania (80 micron, 300 A) particles were obtained from
ZirChrom Separations (Anoka, Minn.). Particles were
packed at ZirChrom Separations (Anoka, Minn.) into reactor
columns using a downward slurried high-pressure packing
station (Alltech Associates, Deerfield, Ill.). The particles
were packed into all-stainless steel column hardware
obtained from Isolation Technologies (Hopedale, Mass.). The
reactor was outfitted with 2-micron stainless steel frits.

Specifically, two reactor columns were prepared; the
smaller had a dimension 0f0.46 cmi.d.x15 cm length and the
larger a dimension of 1.0 cm 1.d.x15 cm length. A slurry was
first formed by adding the zirconia particles to HPL.C-grade
methanol (7 g of particles in 20 g of MeOH or 23.5 g of
particles in 40 g of MeOH for the small and large reactors,
respectively). Reactor packing pressures of 7,000 PSI was
used with methanol as the pusher solvent. The reactor was
allowed to pack and compress for 30 or 2 minutes under
pressure for the small and large reactors, respectively. The
high pressure packing pump from Haskel (Burbank, Calif.)
was then shut off and the reactor was allowed to slowly bleed
off pressure while remaining attached to the packing appara-
tus. When the pressure had been fully released, the column
was disconnected from the apparatus and the frit and end
fitting were attached to the inlet to complete construction of
the reactor.
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Example 2

Refining System Design

Specifically, one high pressure Waters 590 HPL.C pump
(obtained from Waters Corporation, Milford, Mass.) was set
up to draw from a reservoir that included bio-oil diluted with
an alcohol that was continuously sparged with nitrogen to
minimize the effect of dissolved oxygen on the system. The
system was set up so that the bio-oil/alcohol solution would
be pumped through a stainless steel (1 cm i.d.x15 cm long)
tube fitted with two 2 micron stainless steel frits (acting as a
filter) before it entered the heat exchanger.

The bio-oil/ethanol solution stream was pumped into a
custom designed heat exchanger that consists of welding
together two Ysth inch o.d. stainless steel tubes (Alltech Asso-
ciates, Deerfield, I11.) with silver solder where the heat from
the hot effluent from the reactor is exchanged with the one
incoming reactant stream (bio-oil ethanol solution). After the
heat exchanger the one reactant stream passed through an
electrically driven preheater that was capable of bringing the
mixture to the desired set point temperature before entering
the independently thermostated fixed bed catalytic reactor
(reactor column from example 1). Temperature control was
achieved using EZ-Zone PM Watlow (St. Louis, Mo.) tem-
perature controllers. The custom preheater was used to bring
the temperature of the flowing fluid up to the desired tem-
perature before it entered the reactor, which consisted of
wound stainless steel HPL.C tubing in a grooved aluminum
cylindrical block with an 800 watt Watlow heater in the center
of the cylinder. The backpressure of the system was main-
tained through the use of a backpressure regulator obtained
from Tescom (Elk River, Minn.).

Example 3

Synthesis of Diesel Equivalent Fuel from Pyrolysis
0il (Bio-0il)

A sample of' bio-oil (pyrolysis oil) formed from corn stover
using a microwave assisted pyrolysis technique was obtained.
The bio-o0il was first dissolved in an organic solvent (e.g.
ethanol, hexane) to lower the viscosity and ethanol was also
used as a reactant. The bio-oil feedstock was then centrifuged
at 10,000 G for 6 minutes and then filtered through a 5 micron
membrane filter. The residence time was held constant at 2
minutes and the reaction temperature was set to either 300 or
350 degrees Celsius.

Samples of the products produced at both temperatures
were then taken and the remaining reaction products were
subjected to distillation through rotary evaporation. The frac-
tions were as shown in Table 1.

TABLE 1
D Description
300° C. Celsius 300-1 Crude undistilled product fraction.
Fractions 300-2  First distillate to be collected by
rotary evaporation of crude product.
300-3 Second distillate to be collected by
rotary evaporation of crude product.
300-4  Portion remaining in flask after
rotary evaporation.
350° C. Celsius 350-1 Crude undistilled product fraction.
Fractions 350-2  First distillate to be collected by
rotary evaporation of crude product.
350-3 Second distillate to be collected by

rotary evaporation of crude product.



US 9,102,877 B2

TABLE 1-continued
D Description
350-4  Portion remaining in flask after

rotary evaporation.

The fractions were then analyzed using both *H NMR and
GC-MS. Specifically fractions 300-2, 300-3, 300-4, 350-2,
350-3, and 350-4 were analyzed using 'H NMR. For 'H
NMR, samples were dissolved in CDCl, and 'H NMR spectra
were acquired on a Varian-Inova spectrometer at 300 MHz.
Samples were internally referenced with TMS.

'H NMR analysis showed that fraction 300-2 consisted
mostly of ethanol with other compounds present believed to
be diethyl ether, acetaldehyde and ethyl acetate. Fraction
300-3 was also found to consist mostly of ethanol with
another compound being present exhibiting a chemical shift
consistent with an allylic alcohol. Fraction 300-4 was found
to be complex mixture of compounds, with the 6-7.5 ppm
region containing peaks consistent with aromatic resonances
(phenols), the 5-6 ppm region containing peaks consistent
with internal olefins, the 3.5-4.5 region containing peaks con-
sistent with alcohols, esters, allylic alcohols, and ethers, and
the 0.8-3.0 ppm region containing peaks consistent with alkyl
groups. Fraction 350-2 consisted mostly of ethanol with other
compounds present believed to be diethyl ether, acetaldehyde
and ethyl acetate. Fraction 350-3 was also found to consist
mostly of ethanol with another compound believed to be
2-buten-1-ol and another allylic alcohol. Fraction 350-4 was
found to be complex mixture of compounds, with the 6-7.5
ppm region containing peaks consistent with aromatic reso-
nances (phenols), the 5-6 ppm region containing peaks con-
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sistent with internal olefins, the 3.5-4.5 region containing
peaks consistent with alcohols, esters, allylic alcohols, and
ethers, and the 0.8-3.0 ppm region containing peaks consis-
tent with alkyl groups. FIG. 2 shows the '"H NMR spectrum
for fraction 300-4. FIG. 3 shows the "H NMR spectrum for
fraction 350-4.

Fractions 300-1, 300-4, 350-1, and 350-4 were analyzed
using GC-MS. For GC-MS samples were analyzed on an
HP6890 GC-MS using MS detection and a DB-5 column (30
mx0.25 mmx0.25 um). Various specific temperature pro-
grams and injection volumes were used. For 300-1 and 350-1,
flow rate was 0.5 ml/min, temp. program: 35° C. for 2 min,
increase to 45° C. at 2° C./min, increase to 120° C. at 5°
C./min, increase to 220° C. at 20° C./min, increase to 310° C.
at 5° C./min and hold for 2 min, MS detector cutoff range set
t0 48-800, total run time of 47 minutes. 1 uL injection volume
for 300-1 and 2 pl. injection volume for 350-1.

Analysis 0f300-1 using GC-MS showed a variety of peaks.
FIG. 4 shows the GC-MS spectrum for this sample. Major
peaks in the spectra were labeled with the highest probability
MS hit obtained from the NIST library. The identified com-
pounds are shown below in Table 2. Compounds of particular
interest are the variety of esters that are formed, including
esters that are commonly associated with triglyceride derived
bio-diesel samples.

Analysis of 350-1 using GC-MS also showed a variety of
peaks, but an increase in the number of compounds versus
300-1. FIG. 5 shows the GC-MS spectrum for this sample.
The identified compounds are shown below in Table 2. There
appears to be an increase in the number of alcohols and
aromatic compounds formed. Also, the relative intensity of
the long chain esters appears to have diminished accompa-
nied by the appearance of some shorter chain esters.

TABLE 2
300-1 350-1
RT  NIST compound RT  NIST compound
1.98  diethyl ether 1.729 methylenecyclopropane
2.769 ethyl acetate 1.953 diethyl ether
3.687 2-buten-1-ol 2.448 hexane
3.747 2-buten-1-ol 2.754 ethyl acetate
4.379 ethyl propionate 2.936 3-ethoxy-1-butene
4.887 acetal 2.98 2-methylen-4-penten-1-ol
7.29  ethyl butanoate 3.069 3-buten-1-ol
8.67 2-methylcyclopentanone 4.062 3-hydroxypivalaldehyde
11.18  2-methyl-2-cyclopentenone 4.116 2-buten-1-ol
14.322 phenol 4.763 trans-1-ethoxy-1-butene
17.499 1,6-heptadien-4-ol 4.944 acetal
20.341 4-ethylphenol 5.413 3-methyl-1,5-heptadiene
21.487 diethyl methylsuccinate 5.813 (5Z)-3-methyl-1,5-heptadiene
23.25 diethyl pentanedioate 6.826 cyclopentanol
28.868 methyl palmitate 7.819 2,6-octadiene
29.391 ethyl palmitate 8.964 3,4-dimethylcyclohexanol
30.29  ethyl 8,11-octadecadienoate 9.413 3-propyl-2,4-pentadien-1-ol
30.334 methyl 10-octadecenoate 10.782 3-methyl-5-hexen-1-ol
30.905 ethyl linoleate 11.216 ethyl pentanoate
30.95  ethyl oleate 13.747 l-allyleyclopropanecarboxylic acid
31.2  ethyl stearate 14.355 phenol
15.2  ethyl-3-hexenoate
16.365 ethyl-2-hexenoate
16.873 3-cyclohex-1-ethyl-prop-2-enal
17.395 2-ethyl-cycloheptanone
18.13 tetrahydro-4-methyl-1-pyran-2-one
18.755 4-ethyl-4-methyl-2-cyclohexenone
19.47  o-ethylphenol
20.36 p-ethylphenol
20.71  ethyl succinate
20.886 1-(2,2-dimethyl[1,3]dioxan-4-yl)ethanol
21.491 diethyl methylsuccinate
22.017 dimethyl 2-methoxy-2-butendioate
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TABLE 2-continued

14

300-1 350-1

RT  NIST compound RT  NIST compound

22.776
23.246
25.291
26.597
26.738
27.832
28.871
29.392
30.292
30.336
30.907
30.951
31.18

2,5-diethylphenol
diethyl pentandioate
propofol
3,5-di-tert-butylphenol

ethyl palmitate

methyl 10-octadecenoate
ethyl linoleate

ethyl oleate

ethyl stearate

ethyl 8,11-octadecadienoate

2-tert-butyl-1,4-dimethoxy-benzene
2,6-di-tert-butyl hydroquinone
methyl 14-methyl-pentadecanoate

FIGS. 6 A-C shows the results of a GC-MS analysis of the
original bio-oil (FIG. 6A) versus fractions 300-4 and 350-4
(FIGS. 6B-C) that were collected and distilled to remove
solvents (hexane) and unreacted ethanol after the bio-oil was
subjected to the reaction process at two temperatures (300° C.
and 350° C.). Specifically, FIG. 6B represents the chromato-
gram obtained for fraction 300-4, while FIG. 6C represents
the chromatogram obtained for fraction 350-4.

Comparison of the chromatograms suggests significant
chemical differences in the resulting compounds. FIG. 6A
shows that pyrolysis oil has fewer peaks compared to the
number of compounds observed in the samples subjected to
the metal oxide reactor. The GC column (HP-5) use for these
separations is commonly used to separate organic compounds
by their boiling points, with later eluting compounds having
higher boiling points. Thus the fewer observed peaks in the
original bio-oil sample is likely caused by very high boiling
compounds in bio-oils that would be highly retained on the
column and which likely do not elute under the chromato-
graphic conditions employed. As can be seen in FIG. 6B,
there are more observable peaks present in the chromato-
gram, especially at longer retention times. Furthermore, FIG.
6C shows that elevated reactor temperature reduces the num-
ber of more highly retained products.

The MS data indicated that many of the longer retained
peaks in the GC run were esters. These results suggest that
many of the constituents of the bio-oil underwent esterifica-
tion. Furthermore, the results suggest that these esters further
react to form lower boiling point (lower mass molecules) at
higher temperature and some peaks are reduced in area and
additional peaks appear at lower retention times. It is believed
that the constituents of the bio-oil primarily undergo esteri-
fication and etherification dehydration reactions to produce a
new mixture of lower boiling (and less viscous) compounds.

The acid number of the products obtained was tested in
accordance with ASTM 664 and was found to be much lower
than the original bio-oil. The original sample had an acid
number of 112 and the two samples at lower (300° C.) and
higher (350° C.) temperatures had acid numbers of 13 and 15,
respectively. The results confirm that the acids in the bio-oil
have been esterified thus leading to the decrease in acid num-
ber.

In addition, the viscosity of the sample was found to be
reduced (a major limitation of the original pyrolysis bio-oil
produced from corn stover).

Thus, this example shows that: (1) diesel-equivalent fuel
can be produced from bio-oil through a reaction catalyzed by
ametal oxide, (2) reaction temperature has a significant effect
onthe products that are formed in the reaction between bio-oil
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and organic alcohols, and (3) reaction products produced
have a lower acid number and viscosity than bio-oil.

The invention has been described with reference to various
specific and preferred embodiments and techniques. How-
ever, it should be understood that many variations and modi-
fications may be made while remaining within the spirit and
scope of the invention.

All publications and patents mentioned herein are hereby
incorporated by reference in their entirety. The publications
and patents disclosed herein are provided solely for their
disclosure. Nothing herein is to be construed as an admission
that the inventors are not entitled to antedate any publication
and/or patent, including any publication and/or patent cited
herein.

It should be noted that, as used in this specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the content clearly dictates
otherwise. Thus, for example, reference to a composition
containing “a compound” includes a mixture of two or more
compounds. It should also be noted that the term “or” is
generally employed in its sense including “and/or” unless the
content clearly dictates otherwise.

Itshould also be noted that, as used in this specification and
the appended claims, the phrase “configured” describes a
system, apparatus, or other structure that is constructed or
configured to perform a particular task or adopt a particular
configuration to. The phrase “configured” can be used inter-
changeably with other similar phrases such as arranged and
configured, constructed and arranged, constructed, manufac-
tured and arranged, and the like.

All publications and patent applications in this specifica-
tion are indicative of the level of ordinary skill in the art to
which this invention pertains. All publications and patent
applications are herein incorporated by reference to the same
extent as if each individual publication or patent application
was specifically and individually indicated by reference.

The invention claimed is:
1. A method of producing a diesel-equivalent fuel, com-
prising:

pyrolyzing lignocellulosic biomass to form a pyrolysis oil;

removing char from the pyrolysis oil;

obtaining an alcohol from an alcohol feedstock tank and
mixing the alcohol with the pyrolysis oil to form a
pyrolysis oil and alcohol mixture; and

esterifying the pyrolysis oil by contacting the pyrolysis oil
and alcohol mixture with a metal oxide catalyst at a
temperature of greater than about 60 degrees Celsius to
form the diesel-equivalent fuel.
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2. The method of claim 1, further comprising removing
water from the pyrolysis oil prior to the step of contacting the
pyrolysis oil and alcohol mixture with the metal oxide cata-
lyst.

3. The method of claim 1, further comprising removing
free fatty acids from diesel-equivalent fuel by binding the free
fatty acids to a metal oxide substrate.

4. The method of claim 1, the metal oxide catalyst selected
from the group consisting of alumina, hafnia, titania, and
zirconia, and mixtures thereof.

5. The method of claim 1,
about 100 degrees Celsius.

6. The method of claim 1,
about 200 degrees Celsius.

7. The method of claim 1,
about 300 degrees Celsius.

8. The method of claim 1,
about 350 degrees Celsius.

9. The method of claim 1, the alcohol comprising a C1-C30
alcohol.

10. The method of claim 1, the alcohol comprising ethanol.

the temperature greater than
the temperature greater than
the temperature greater than

the temperature greater than

10

15

20

16

11. The method of claim 1, wherein pyrolyzing biomass to
form the pyrolysis oil includes applying microwave radiation
to the biomass.

12. The method of claim 1, wherein pyrolyzing biomass to
form the pyrolysis oil includes applying microwave radiation
to the biomass under vacuum distillation.

13. The method of claim 1, wherein the biomass comprises
corn stover.

14. The method of claim 1, wherein contacting the pyroly-
sis oil and an alcohol with a metal oxide catalyst results in
reducing the acid number from greater than 100 to less than
20.

15. The method of claim 1, wherein contacting the pyroly-
sis oil and an alcohol with a metal oxide catalyst is conducted
at a supercritical temperature and pressure for the alcohol.

16. The method of claim 1, wherein esterifying the pyroly-
sis 0il by contacting the pyrolysis oil and alcohol mixture with
a metal oxide catalyst comprising passing the pyrolysis oil
and alcohol mixture through a packed particulate catalyst in a
reactor column.



